The binding domain of the chicken leptin receptor [chLBD (chicken leptin-binding domain)], subcloned from the full-size chicken leptin receptor and prepared in an Escherichia coli system, was subjected to site-directed mutagenesis to identify the amino acids involved in leptin binding. A total of 22 electrophoretically pure, > 90 % monomer-containing mutants were expressed, refolded and purified. The effects of the mutations were tested by the ability to form complexes with ovine leptin, and the kinetic parameters of interaction were determined by surface plasmon resonance. Six mutants were used to determine whether mutations of several amino acids that differ between chLBD and mammalian LBDs will affect affinity: none showed any such effect, except the mutant A105D (Ala 105
INTRODUCTION
Leptin, the product of the ob gene, has been reported to suppress appetite by regulating satiety-centre activities in the brain via its receptor (LEPR) and to affect body weight [1] . However, further studies have shown that leptin receptors are also expressed in many other tissues [2] [3] [4] [5] [6] and have suggested that leptin is involved in more diverse biological functions than previously thought. A leptin tertiary-structure solution revealed its connection to the long-chain cytokine superfamily [7] . Although the tertiary structure of the leptin receptor has not yet been determined, its amino acid sequence analysis shows a high similarity to receptors of the class I cytokine receptor family, such as the receptors for growth hormone, G-CSF (granulocyte colony-stimulating factor), interleukin-6 and erythropoietin. The receptors from this family share multiple similar domains in their ECD (extracellular domain), such as C2, CK and F3. Like the G-CSF receptor, the leptin receptor has two repeats of the CK-F3 domain, suggesting it to be the ligand-binding site [8] [9] [10] . A study performed by Fong et al. [11] localized the LBD (leptinbinding domain) to the membrane-proximal CK-F3 (∼ 200 amino acids) in the leptin receptor ECD. However, recent data have shown that the binding of leptin to its receptor more closely resembles the interaction of interleukin-6 with its receptor [12] , and the IGD (immunoglobulin-like domain) located between the distal and proximal CK-F3 domains appears to be essential for productive dimerization or tetramerization of the leptin receptor [13] . However, binding to the receptor was not affected by removal of the IGD [13] , and alanine mutagenesis of leptin's site III that interacts with IGD abolishes the leptin-inducible receptor activation but does not effect binding [14, 15] .
Recently, we subcloned, expressed, purified and characterized the LBD of hLep (human leptin) receptor [16] . This LBD is capable of forming a 1:1 complex with leptin, and the binding constants of this short part of the leptin receptor ECD are in the nanomolar range, similar or somewhat lower than that of the full-length membrane-embedded receptor. In the present study, a similar approach was followed to prepare the recombinant LBD of chicken leptin receptor [chLBD (chicken LBD)] and to characterize its binding capacities relative to hLBD (human LBD), in order to provide an additional aspect to the interactionsite-mapping study of both leptin and its receptor. Since chLBD is more easily prepared than its human analogue but interacts with mammalian leptins with similar affinity, we have used this protein for site-directed mutagenesis aimed at the identification of residues important for its interaction with leptin.
MATERIALS AND METHODS

Materials
oLeps (ovine leptins) and hLeps were prepared in our laboratory as described previously [17, 18] . pMon3403 expression vector and MON105 cells (strain of Escherichia coli cells) were provided by Monsanto (St. Louis, MO, U.S.A.). Restriction enzymes used in the molecular biology experiments were obtained from Fermentas (Vilnius, Lithuania) and New England Biolabs (Beverly, MA, U.S.A.). DNA primers were ordered from Gibco BRL, NV Life Technologies S.A. (Ghent, Belgium). RPMI 1640 medium, interleukin-3, nalidixic acid and MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide, also known as Thiazolyl Blue] were purchased from Sigma (St. Louis, MO, U.S.A.), fetal calf serum from Biolab (Jerusalem, Israel) and pTrc 99A expression vector, Superdex 75 HR 10/30 column and QSepharose from Pharmacia LKB Biotechnology AB (Uppsala, Sweden). A research-grade CM5 (carboxymethyl dextran) sensor chip, NHS (N-hydroxysuccinimide), EDC [N-ethyl-N -(3-dimethylaminopropyl)-carbodi-imide hydrochloride], ethanolamine/HCl and HBS-EP running buffer (10 mM Hepes, 150 mM NaCl, 3.4 mM EDTA and 0.005 %, v/v, surfactant P20 at pH 7.4) were purchased from Biacore AB (Uppsala, Sweden). All other chemicals were of analytical grade.
Preparation of chLBD expression plasmid
A DNA insert encoding the chLBD fragment, consisting of amino acids 420-626 of the chLep (chicken leptin) receptor, was prepared by PCR using the following primers: the 5 -sense primer, 5 -AAAACCATGGCGATTGATGTGAATATCAATATC-3 , containing an NcoI restriction site (underlined), and the 3 -antisense primer, 5 -CCCAAGCTTTCAATCTTTTACAGCTGCATA-3 , containing a stop codon (boldface) followed by a HindIII restriction site (underlined). The resulting PCR product was digested with NcoI/HindIII, purified and cloned into the pMon3403 expression vector, predigested with the same restriction enzymes. The expression plasmid was then transformed into E. coli MON105 expression cells.
Preparation of chLBD mutants
To prepare the chLBD mutants, the DNA insert encoding the WT (wild-type) LBD, subcloned into pTrc 99A or pMon3401 expression vector, was used as starting material. The insert was modified with the Stratagene Quik Change mutagenesis kit (Stratagene, La Jolla, CA, U.S.A.) according to the manufacturer's instructions, using two complementary primers ( Table 1 ). The primers were designed to contain base changes (marked in boldface) to obtain the respective mutations, but still conserve the appropriate amino acid sequence, and to modify a specific restriction site (underlined) for colony screening. The procedure included 18 PCR cycles using Pfu polymerase. The mutated construct was then digested with DpnI restriction enzyme, which is specific to methylated and hemi-methylated DNA (target sequence: 5 -G m6 ATC-3 ), in order to digest the template and select for mutations containing synthesized DNA. The plasmids were then transfected into XL1 competent cells. Five colonies of each mutant were screened for mutation, using the specifically designed restriction site, and revealed at least 80 % efficiency. Two colonies of each mutant were sequenced and they were confirmed to contain the mutation but no unwanted misincorporation of nucleotides. The inserts, coding for ovine and chicken mutated leptins, were then removed from the pTrc 99A plasmid, ligated to the pMon3401 vector between the NcoI and HindIII restriction sites and transfected into MON105 competent cells.
Expression, refolding and purification of chLBD and its mutants
The recombinant chLBD (or the respective chLBD mutant) with an extra methionine-alanine at the N-terminus was expressed upon nalidixic acid induction (50 µg/ml) in a 10 litre culture of MON105 cells, transformed with the appropriate expression plasmid, grown in 20 × 2.5 litre flasks in Terrific Broth medium (12 g/l protein hydrolysate, 24 g/l yeast extract, 9.2 g/l dipotassium hydrogen phosphate, 2.2 g/l potassium dihydrogen phosphate and 8 ml/l glycerol) at 37
• C to an attenuance D 600 of 0.9. After an additional 4 h of incubation, the cells were harvested by 10 min centrifugation at 10 000 g and frozen at − 20
• C. The bacterial pellet from 10 litre of bacterial culture was thawed on ice and resuspended in lysis buffer (10 mM Tris/HCl and 10 mM EDTA, pH 8). IBs (inclusion bodies) were then prepared as described previously [16] and frozen. Subsequently, IBs obtained from 5 litres of bacterial culture were solubilized in 600 ml of 4.5 M urea and 40 mM Tris, containing 50 mM cysteine. The pH value of the solution was adjusted to 11.5 by NaOH. After 2 h of stirring at 4
• C, 3 vol. of 0.67 M arginine was added to a final concentration of 0.5 M and stirred overnight. The next morning, the solution was transferred to dialysis tubes and dialysed against 10 litres of 10 mM Tris/HCl (pH 9) for 60 h, with external solution exchange every 6-10 h. The protein was then applied at maximal flow rate (400-500 ml/h) to a QSepharose column (30 ml bead volume), preequilibrated with the same buffer. The breakthrough fraction, which contained no LBD, was discarded, and the absorbed protein was eluted in a stepwise manner (50, 100, 150 and 200 mM NaCl in 10 mM Tris/HCl, pH 9). Fractions of 50 ml were collected and protein concentration was determined by measuring A 280 .
Determination of purity and monomer content SDS/PAGE was carried out by the method of Laemmli [19] in a 15 % (w/v) polyacrylamide gel under reducing and non-reducing conditions. The gel was stained with Coomassie Brilliant Blue R. Gel-filtration chromatography was performed on a Superdex TM 75 HR 10/30 column with 0.2 ml aliquots of the Q-Sepharose column-eluted fraction using TN buffer (25 mM Tris/HCl and 150 mM NaCl, pH 8).
Determination of CD spectra
The CD spectra (in millidegrees) were measured with an AVIV model 62A DS CD spectrometer (AVIV, Lakewood, NJ, U.S.A.) using a 0.020 cm rectangular QS Hellma cuvette. The absorption spectra were measured with an AVIV model 17DS UV-visible IR spectrophotometer using a 1.000 cm QS cuvette and correction for light scattering. Collection of the data and calculation of the results were carried out as described previously [16] .
Determination of complex stoichiometry
Complexes between chLBD and oLep or hLep were prepared at various molar concentrations in TN buffer. The final concentrations of the proteins in the 1:1 ratio were 10 µM. After a 20 min incubation at room temperature (25 • C), 200 µl aliqouts were applied to a Superdex TM 75 HR 10/30 column preequilibrated with TN buffer. To determine the molecular mass of the complex, the column was calibrated with several pure proteins.
Binding assays
Radiolabelled
125 I-hLep served as a ligand, and human and ovine non-labelled leptins served as competitors. The experiments were conducted using recombinant chLBD. Each tube contained 200 µl of reaction buffer (12.5 mM sodium barbiturate, 0.1 %, w/v, BSA, Table 1 Primers used for the preparation of chLBD mutants
In the primers, S stands for a sense primer and A for an antisense primer; all mutations are in boldface. Modified restriction sites are underlined.
Primer
Primer sequence Modified restriction site
7.5 mM EDTA, 150 mM NaCl and 0.1 %, v/v, Triton X-100, pH 8.6), 100 µl of 125 I-hLep (180 000-220 000 c.p.m.) and 100 µl of leptin solutions (providing 0-5000 ng/tube) in the reaction buffer. The reaction was started by the addition of 100 µl of LBD or LBD mutants (20 ng). The tubes were incubated for 24 h at room temperature, then the leptin-LBD complex was precipitated by adding 250 µl of 1% (w/v) bovine immunoglobulins and 500 µl of 20% (w/v) poly(ethylene glycol). After thorough mixing, the tubes were incubated for 20 min at 4
• C and centrifuged at 12 000 g for 15 min at 4
• C. The supernatant was carefully aspirated, and the precipitates were counted in a Kontron γ -counter. hLep was iodinated by a method described previously for the iodination of human growth hormone [20] .
Kinetic measurements of chLBD-leptin interactions
All experiments were performed at 25
• C using SPR (surface plasmon resonance) methodology. The kinetics and equilibrium constants for the interactions between human and chicken recombinant LBD and oLep and hLep were determined using the Biacore 3000 system. Leptin (human or ovine) was immobilized in a flow cell of a research-grade CM5 sensor chip using aminecoupling chemistry [21] . The immobilization steps were carried out at a flow rate of 5 µl/min in HBS-EP buffer. The surface was activated for 7 min with a mixture of 0.05 M NHS and 0.2 M EDC. Leptin was injected at a concentration of 50 µg/ml in 10 mM acetate (pH 3.5) until the desired level [1000 RU (resonance units)] was achieved. Ethanolamine (1 M, pH 8.5) was injected for 7 min to block the remaining activated groups. A control surface was prepared by activating the carboxy groups and then blocking the activated groups by ethanolamine as described in [21, 29] . For the binding studies, the hLBD or chLBD, resuspended in HBS-EP buffer, was passed at different concentrations (31.25, 62.5, 125 and 250 nM) through three flow cells (carrying hLep, ovLep or a control) at the rate of 30 µl/min. The surface was regenerated after each interaction with a 10 µl pulse of 10 mM glycine buffer (pH 2). The experiments were controlled by the kinetics Wizard of the Biacore control software, which automatically corrects for refractive-index changes and non-specific binding by subtraction of the responses obtained for the control surface from the data obtained for the interactions between LBD and leptin. The resultant binding curves were fitted to the association The column (2.5 cm × 7 cm) was equilibrated with 10 mM Tris/HCl (pH 9.0) at 4 • C. The dialysed solution of refolded protein was applied to the column at a rate of 400 ml/h. Elution was carried out using a discontinuous NaCl gradient in the same buffer at 400 ml/h, and 50 ml fractions were collected. Protein concentration was determined by measuring absorbance at 280 nm. Every third tube was analysed for chLBD content by gel filtration in a Superdex TM 75 HR column. Fractions eluted with 150 mM NaCl (underlined) contained monomeric protein and were pooled.
and dissociation phases at all LBD concentrations simultaneously using Biacore evaluation software. In all cases, the best fit was obtained for a simple bimolecular interaction (Langmuir model).
To evaluate the binding kinetics in a different way, we performed additional experiments in which the chLBD was immobilized and hLep was in the mobile phase. Thus chLBD was amino-linked to the CM5 chip; the pH range within which leptinbinding capacity is preserved is very narrow, and after a number of trials below pH 6, we chose an optimum pH of 5.7 using 5 mM maleate buffer. The experimental conditions were: flow 5 µl/min, 8 min activation with an EDC/NHS mixture, 8 min injection of 2 µM monomeric LBD solution and 8 min ethanolamine neutralization. An immobilization level of up to 1500 RU was consistently obtained under these conditions. As no chemical agent was suitable for the dissociation of leptin from chLBD while ensuring good preservation and reproducibility of leptin docking, an overnight simple wash, at a flow rate of 50 µl/min, was used to eliminate bound leptin.
RESULTS
Purification and characterization of chLBD and its mutants
The recombinant LBD representing the membrane-proximal repetition of the CK-F3 domain (419-626 amino acids) of the chLep receptor ECD was subcloned by PCR using appropriate primers on the cDNA template that was cloned by Horev et al. [22] . The protein was expressed in E. coli MON105 cells. Upon induction, chLBD was expressed in high amounts and, after 4 h of fermentation, represented the major protein fraction of the bacteria, which appeared as a main band in the IBs, as detected by SDS/ PAGE (results not shown). IBs were purified and solubilized as described in the Materials and methods section. After refolding, the protein was purified by one-step anion-exchange chromatography on a Q-Sepharose column. The fractions were eluted by increasing concentrations of NaCl ( Figure 1) and every third tube was tested for LBD appearance by gel filtration on a Superdex TM 75 HR 10/30 column; fractions containing monomers were subsequently pooled (see Figure 2) . Only the fraction eluted with 150 mM NaCl contained over 95 % monomeric protein with 5 % dimers; fractions eluted with higher NaCl concentrations contained mostly oligomers. The molar absorbance coefficient of chLBD at 280 nm was calculated by Pace et al. [23] to be 50 390 M −1 · cm −1 or 2.11 for 1 mg/ml. To achieve a protein concentration of approx. 0.5 mg/ml, the pool was Amicon-concentrated, filter-sterilized and stored at 4
• C. Under those conditions, the purified chLBD retained its monomeric structure as well as its ability to form a complex with leptin for up to 1 year. The monomeric profile and molecular chLBD mass were also determined by SDS/PAGE, showing only one band of approx. 24 kDa in the presence of reducing agent (the calculated value for Met-chLBD is 23.891 kDa): this matched the result obtained when recombinant human LBD, previously prepared in our laboratory, was tested under the same conditions ( Figure 3A, lanes 3 and 4  respectively) . In the absence of reducing agent, a small amount Figure 4 . The secondary-structure calculations revealed the contents of α-helices, β-strands and β-turns to be similar to those observed for hLBD (Table 2 and results not shown). chLBD mutants were prepared in a similar manner and their purity was verified by both SDS/PAGE ( Figures 3B and 3C ) and gel filtration on a Superdex 75 column, which resulted in a main peak of monomers (90-95 %) and a small amount of dimers (results not shown). In cases in which the relative amount of dimer was higher, the monomeric fraction was further isolated by preparative gel filtration using a Superdex 75 (2.6 cm × 60 cm) column. Their CD spectra were similar to the WT chLBD (results not shown). Similar to WT chLBD, the mutants could be stored at 4
• C as sterile solutions (0.4-0.5 mg/ml) for at least 6 months without undergoing any change in their monomeric content or in their capacity to interact with leptin.
Binding experiments
The affinity of non-mutated chLBD for hLep and oLep was determined in competition studies using 125 I-hLep as a ligand. Unlabelled hLep and oLep dose-dependently inhibited binding of the radioactive ligand to the chLBD with IC 50 values of 1.02 and 0.66 nM respectively, and maximal displacement of the 125 I-hLep occurred in the presence of approx. 100 nM hLep ( Figure 5A ). All chLBD mutants aimed at humanizing chLBD were also tested for binding of 125 I-hLep using the same amount of LBD (20 ng) for each tube and oLep as competitor. The results presented in Figure 5 (B) show no significant difference as compared with non-mutated (WT) chLBD. The respective 
Detection of chLBD-leptin or mutant-chLBD-leptin complexes by gel filtration
To characterize the binding stoichiometry between leptin and chLBD or its mutants, the two were mixed in different molar ratios and separated by gel filtration through an analytical Superdex 75 column to determine the molecular mass of the binding complex under non-denaturing conditions. The experiments were performed using a constant concentration of 10 µM ovine or human recombinant leptin and 5, 10 or 20 µM chLBD ( Figure 6 ). Both species (ovine and human) of leptin bound the chLBD in a 1:1 ratio. This stoichiometry was determined by the appearance of a single peak when the components were mixed at the same molar ratio and the appearance of an additional peak when one of them was in excess. The molecular mass calculation, based on the corresponding peak RT (retention time), was approx. 41 kDa. It should be noted that gel-filtration experiments even yielded 1:1 complexes in mutants in which affinity had decreased (see results of the SPR analysis below) and the results were comparable with those shown in Figure 6 . This probably results from the fact that the gel-filtration experiments were carried out with concentrations of 10 µM. In contrast, no complex formation was detected with mutants in which the ability to interact with leptin had been totally abolished (F73A, Y14A/F73A, V76A/F77A, L78A/L79A, V76A/F77A/L78A/L79A and A105D/D106V), as also shown by SPR analysis.
SPR determination of the interaction between chLBD or its mutants and leptin
To characterize further the binding capacities of chLBD with leptin, the SPR technique using leptin immobilized on a sensor chip was employed. oLep or hLep was immobilized on the sensor-chip surface by amine-coupling, and binding of chLBD was determined. Binding of recombinant hLBD, previously prepared by us, was examined simultaneously on the same sensor chip. The most acceptable interactions were obtained from comparison with a 1:1 theoretical model using χ 2 analysis. The calculated data are presented in Table 3 . The affinity of hLep for hLBD was comparable with chLBD and the differences in kinetics and thermodynamic constants were not significant. The thermodynamic dissociation constant (K d ), kinetic dissociation constant (k off ) and kinetic association constant (k on ) values obtained for non-mutated oLep were comparable with those obtained for the interaction with hLep (for comparison, see Table 4 , first row). To verify the interaction of chLBD with the respective leptins, the SPR was repeated 'in reverse' by immobilizing the LBD to the sensor-chip surface and using the leptin in the mobile phase. Different concentrations of hLep were successively injected on to the LBD chip, in the 50-1000 nM range at pH 7.3. Qualitatively, hLep exhibited rapid association and slow dissociation, both monophasic (see Table 3 ). There were no differences in the k on values but the k off values were 2.5-6-fold lower. However, the 1:1 stoichiometry of the interaction was not changed.
To test the effect of mutagenesis on the affinity of chLBD for the mutants, we used the system in which leptin or leptin mutants are immobilized: as in the reverse situation, very long periods were required to remove the leptin bound to immobilized chLBD (see the Materials and methods section). Thus chLBD or its mutants were used in the mobile phase and the results are summarized in Table 4 . Mutagenesis aimed at determining whether mutations of several amino acids that differ between chLBD and mammalian LBDs will affect affinity clearly showed the lack of such an effect (see the upper part of Table 4 ), except for mutant A105D in which a slight decrease in affinity was observed. In contrast, alaninescanning mutagenesis was helpful in identifying six residues in which the mutations resulted in total loss of binding capacity The numbering of amino acids is that of chLBD and the numbers in parentheses indicate the numbering in the full-size receptor (see also Figure 7 ). ( Table 4 and Figure 7 ). It should be noted that four residues are identical and two (Val 76 and Val 103 in birds and, respectively, Ile 76 and Leu 103 in mammals) are similar in all compared species, hinting at their general importance for leptin binding. Mutations of four additional amino acids caused a 5-37-fold decrease in the K d value, resulting in three mutants (Y14A, R41A and F136A) with faster dissociation and two cases (R41A/S42A/K43A and V103A) with both faster dissociation and slower association (see Table 4 and Figure 7) . Sensograms of three typical cases are shown in Figure 8 , demonstrating such differences in SPR analysis. Table 4 .
DISCUSSION
In the present study, the minimal binding domain of the chLep receptor (chLBD) was subcloned and recombinantly prepared in an E. coli system. The resultant protein sequence differs slightly from its counterpart in the previously published chLep receptor sequence ( [22, 24] ; GenBank ® accession no. AF169827 versus accession no. AB033383 respectively), and the subcloned chLBD has the Ile residue at position 1 (after Met-Ala) instead of Val. This residue was inserted by the 5 -primer that was also used for subcloning hLBD. The rest of the chLBD sequence is similar to the Ohkubo et al. [24] sequence, excluding the residues at positions 63 and 95, where Phe and Leu were exchanged with Leu and Phe. On the basis of this comparison, we concluded that there is no significant difference between the chLBD cloned in this work and the equivalent part of the chLep receptor reported previously [24] .
The recombinant chLBD was purified to a homogeneity of more than 95 % monomeric protein, as shown by SDS/PAGE and gel-filtration analyses. The yield was relatively low, averaging 15-25 mg per 5 litre fermentation, but the ease of preparation made it feasible to produce enough material for structural and functional studies. The secondary structure of the chLBD was similar to that of hLBD and the ECD of other cytokine receptors, indicating proper folding [25] [26] [27] .
The binding capacities of hLBD compared with full-length membrane-embedded hLep receptor were evaluated in a previous study [16] . Similar to hLBD, the pure chLBD was able to form a stable complex with leptin in a 1:1 stoichiometric ratio, as revealed by gel-filtration experiments and SPR analysis. Comparison of the SPR-determined binding kinetics of chLBD and hLBD showed no significant differences. In a vice versa situation, wherein chLBD was immobilized and hLep was used as a soluble ligand, the K d of the interaction was approx. 6-fold lower than that in the reverse situation. The change in the affinity did not result from a different k on value but was due to slower dissociation (see Table 3 ). Although we have no explanation for this phenomenon, it may result from the fact that immobilized leptin has less flexibility to bind LBD as compared with the opposite situation, wherein the chLBD was immobilized. A similar discrepancy has also been observed in a study of the interaction between the growth hormone receptor ECD and growth hormone [28, 29] .
The SPR analysis identified six mutants in which binding was completely abolished (F73A, Y14A/F73A, V76A/F77A, L78A/ L79A, V76A/F77A/L78A/L79A and A105D/D106V) and six mutants (Y14A, R41A, R41A/S42A/K43A, V103A, F136A and V135A/F136A) in which affinity towards the hormone was reduced, mainly by increased dissociation rates. The results obtained by SPR were also verified by binding experiments in solution using 125 I-hLep as a ligand and oLep as competitor. All mutants that did not show significant decreases in the affinity for the ligand in SRP experiments did not differ from chLBD in the binding assay as well (see Figures 5B and 5C ) and the six mutants in which the binding was abolished (see Table 4 ) could not bind specifically 125 I-hLep. It should be noted that despite the fact that the random mobilization technique was used, the stoichiometry analysis indicated 1:1 molar ratio of the ligandchLBD complexes, similar to the gel-filtration experiments. Furthermore, even though not all ligand molecules were homogenously immobilized, the comparison of the binding properties of the WT versus mutated chLBD was valid as also verified by binding experiments in solutions, using the radioactive ligand.
Based on our previous homology model of human LBD, we modelled the chLBD-oLep complex and examined the binding determinants with reference to the affinities of the chLBD mutations. The model of the chLBD-oLep complex indicates a site-1 contact surface between the receptor's binding domain and the hormone. The binding determinants consist of six binding regions, which are in consensus with other cytokine receptor complexes [25] [26] [27] 30, 31] . The six regions consist of five extended loop segments (L1, L2, L3, L5 and L6) and the short interdomain linker (L4). Extensive mutational analysis indicated the contribution of the chLBD loops to the binding properties. In chLBD, there are select amino acid residues that, upon mutagenesis, completely abolish hormone binding. These residues are located in the two binding segments L3 and L4. The L3 loop contributes nine amino acid residues that interact with leptin. Single and multiple mutations in the L3 region indicate that it is the most crucial segment for leptin binding. In this context, the L3 loop contains two Phe residues at positions 73 and 77, which are extended towards the ligand. A point mutation, F73A, abolishes leptin binding. In addition, the double mutants V76A/F77A and L78A/L79A, as well as the resultant quadruple combination, result in complete loss of leptin binding (Table 4) . Based on these data, we conclude that the L3 loop contains several critical residues, which are essential for hormone binding ( Figure 9A ). Contact-surface analysis [32] indicated that the residues with the highest contribution to the recognition site are Phe 73 , Phe 77 and Leu 79 . These results are in full agreement with the mutagenesis data. Available data on cytokine-receptorbinding determinants identify a few residues that are essential to ligand binding [33] , and these usually include aromatic residues. In growth hormone receptor, prolactin receptor and erythropoietin receptor, L3 contributes an essential aromatic residue; the second residue is donated by another loop from the D2 domain. In chLBD, both essential aromatic residues are donated by the L3 loop and, in addition, Leu 79 may also play an important role in ligand binding.
The L4 region makes an important contribution to ligand recognition in chLBD. Mutants V103A and A105D reduce affinity for leptin by factors of seven and four respectively. Conversely, the D106S mutation maintains an affinity for oLep that is similar to that of the WT. However, the double-mutant A105D/D106V does not show any binding to the hormone. This is quite unexpected, since our model indicates that there is very little contact area between the three residues in L4 and the ligand. L4 is located in the linker between the D1 and D2 domains and stabilizes their mutual orientation. We thus assume that the combined mutation in the L4 helical segment disrupts correct folding in this critical region, resulting in a different D1-D2 orientation, which will not permit any ligand binding ( Figure 9A ).
The chLBD mutation data also indicate that the L5 region contributes to hormone binding and that the double-mutant V135A/F136A shows reduced affinity for leptin. L5 has been shown to contribute critical residues in the binding of other members of the cytokine receptor superfamily, such as growth hormone and prolactin receptors. In addition, Tyr 14 , located in the L1 ( Figure 9B ) loop, makes a minor contribution to the binding since the Y14A mutation has almost no effect on the affinity for the hormone. Several other mutations that have minor effects on hormone binding ( Figure 9B ) are part of the critical multiple mutations that abolish binding.
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